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High-Performance Deep SubMicron CMOS
Technologies with Polycrystalline-SiGe Gates
Youri V. Ponomarev, Peter A. Stolk, Cora Salm, Member, IEEE, Jurriaan Schmitz, and Pierre H. Woerlee
Abstract—The use of polycrystalline SiGe as the gate material
for deep submicron CMOS has been investigated. A complete
compatibility to standard CMOS processing is demonstrated
when polycrystalline Si is substituted with SiGe (for Ge frac-
tions below 0.5) to form the gate electrode of the transistors.
Performance improvements are achieved for PMOS transistors
by careful optimization of both transistor channel profile and
p-type gate workfunction, the latter by changing Ge mole fraction
in the gate. For the 0.18 m CMOS generation we record up to
20% increase in the current drive, a 10% increase in the channel
transconductance and subthreshold swing improvement from 82
mV/dec to 75 mV/dec resulting in excellent “on”/“off” currents
ratio. At the same time, NMOS transistor performance is not
affected by gate material substitution.
Index Terms—CMOSFET’s, MOS devices.
I. INTRODUCTION
I N recent years, the continuing miniaturization of Si MOStransistors for increased chip packing density and perfor-
mance has resulted in significant research efforts in suppression
of the so-called “short-channel effects” (SCE’s). The SCE’s
are caused by an increased influence of the drain potential
on the source depletion region in short devices. These effects
are usually tackled by raising the substrate doping level to
reduce the lateral extension of the drain depletion region. This,
however, can result in significant deterioration of performance
of the transistors: the reduced carrier mobility in a heavily
doped region results in a decreased current drivability ( or
) of the devices, while the subthreshold voltage swing is
increased, resulting in higher levels of off-state leakage currents
. A partial solution can be achieved by using vertical
doping redistribution to reduce it in the channel region only
(“super-steep retrograde” (SSR), or “ground plane” channel
designs) [1]. Unfortunately, the removal of the dopants from the
interface regions results in unacceptably high , because
of the low threshold voltage values in this case. In this
paper we demonstrate that a complete solution can be achieved
by combination of the channel doping profiling with change
in the gate workfunction. The threshold voltage is set by the
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chosen gate-to-semiconductor workfunction difference while
the channel profile is engineered to control SCE and to obtain
desired ratios.
Heavily-doped n- and p-type polycrystalline Si films
(poly-Si), that are conventionally used in modern CMOS
technologies as gate materials, have a fixed gate-to-semicon-
ductor workfunction difference , determined by the
electron affinity and the band gap of the materials. It is well
known, however, that the polycrystalline silicon-germanium
alloy films (poly-SiGe) have good compatibility with stan-
dard CMOS processing. The dopant activation in poly-SiGe
is comparable to poly-Si, and is actually better for p-type
material. Most importantly for the work presented here, the
p-type workfunction is decreasing with increase in the Ge mole
fraction [1]–[7]. Poly-SiGe is therefore a promising material
for p-type gate workfunction engineering. The workfunction
change originates in band gap reduction caused mainly by the
increase of the effective SiGe lattice constant with an increase
in the Ge percentage. For high Ge concentrations it has also
been reported [5] that a significant amount of stress in the
poly-SiGe grains results in an extra reduction of the poly-SiGe
gate workfunction.
When poly-Si is substituted by poly-SiGe as a gate material
for the PMOS device, the change in the gate to semiconductor
workfunction difference, , for a given Ge mole fraction,
can be calculated as the difference in the energy band gaps of
two heavily-doped materials: ,
since poly-SiGe has practically the same electron affinity as
poly-Si. The change in can be coupled to the change of




where is an electron charge, and are the gate oxide
charge and capacitance per unit area, and and are the
bulk Fermi potential and the substrate bias, respectively.
here is a body factor, and are the dielectric constants
of Si and vacuum. Changing the workfunction difference
without changing the channel profile results in an increase of
the of the devices and reduces without changing the
subthreshold swing value, (determined by the doping in the
channel region).
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Alternatively, one can explore the reduced of p-type
poly-SiGe gates to reduce the number of the dopants close to
the surface, while retaining the at the reference value. This
is the approach we take in this paper. As a result of such channel
profile manipulation, the following PMOS parameters are ex-
pected to be improved:
• The effective transverse electric field towards the Si-SiO
interface will be decreased, which, together with removal
of the scattering centers from the channel, will lead to
a higher hole channel mobility [9]. For PMOS devices
is proportional to the hole mobility since, for a given
generation of PMOS devices, the lateral electric field is not
high enough for a complete velocity saturation to occur
[10].
• The subthreshold swing (rate of subthreshold drain cur-
rent increase with gate bias), , is reduced as a result of a
decrease in the depletion layer capacitance. Reduction in
the subthreshold swing improves the ratio.
• The body factor (a coefficient describing the depen-
dence of on the substrate bias, see (2)) is reduced, a
property which can be advantageous in CMOS applica-
tions to weaken the threshold voltage dependence on vari-
ations in the substrate potential.
• The saturation current is increased further by an increase
of the saturation voltage (the drain bias at which
drain current saturates, scales with the inverse body
factor).
To avoid an increase of SCE when the channel doping is re-
duced a careful re-engineering of the doping profile is neces-
sary. Ideally, one would need here a steplike profile to suppress
these effects, with a SSR profile resembling it closest in reality.
We show below that this approach works extremely well for
poly-SiGe gates with less than 50% Ge content for 0.18 m gen-
eration. For higher Ge percentages, the penalty of SCE increase
becomes too big to be compensated by the increase in device
performance.
The paper is organized as follows: Section II briefly describes
the relevant properties of poly-SiGe films and technological as-
pects of poly-SiGe integration into mainstream silicon IC pro-
cessing. Section III concentrates on the submicron MOSFET de-
vice design that is most beneficial for this gate material. A com-
parative study of deep submicron PMOS devices fabricated in a
conventional way (with poly-Si gate) and with poly-Si Ge
as a gate material is presented. This demonstrates that a signif-
icant improvement in the PMOS performance can be achieved
by a self-consistent engineering of both gate workfunction and
channel profile. In Section IV we address the issue of CMOS
integration and show the results of a successful integration of
poly-SiGe gates into full 0.18 m CMOS processing. Some final
points on the limits of poly-SiGe CMOS integration and scaling
with this gate material will be discussed in Section V and overall
conclusions will be drawn in Section VI.
II. POLY-SIGE AS A GATE MATERIAL
Recently, there have been quite a number of reports on the
properties of heavily doped poly-SiGe films [2]–[6], [11]–[13].
Production scale integration of poly-SiGe into the CMOS pro-
cessing flow will require the know-how of the following issues:
deposition, pattern transfer, dopant diffusion and activation, gate
oxide quality and dependence on the Ge mole fraction.
We will summarize below the experimental observations con-
cerning these properties of poly-SiGe.
In our experiments we have used standard LPCVD furnaces
to grow poly-SiGe layers on top of thin gate oxides using a mix-
ture of silane (SiH ) and germane (GeH ) with inert N as a car-
rier gas. A special care was taken to ensure that the deposited
layers were smooth (less than 10 nm surface roughness RMS)
with columnar polycrystalline grains of a characteristic size of
50–100 nm. The grain size control is of importance since, as
has been shown recently in [14], it can significantly influence
matching of the transistors, crucial for analog applications. De-
position temperatures down to 440 C and total chambers pres-
sures up to 1 torr have been used to enable growth of poly-SiGe
material with these properties with up to 70% Ge content.
The etching chemistry of the poly-SiGe gate patterning was
based on the standard polysilicon etch in HBr/HCl plasma with
end-point detection on the gate oxide. Increase in Ge percentage
results in an increase of the etching rate (up to times for 70%
Ge as compared to poly-Si) which can hamper the uniformity
of the etched profiles across the wafer for gates with high Ge
content. In this regime (above % Ge) a specially developed
etching chemistry should be used [11].
The comparison of dopant diffusion in poly-Si and poly-SiGe
have been extensively discussed elsewhere (see [4] and refer-
ences therein) and there is a general understanding that boron
diffusion in poly-SiGe is slower, while arsenic and phosphorus
diffusions are faster than in poly-Si. These differences are in-
creasing with Ge fraction. At the same time, boron activation is
higher in poly-SiGe while arsenic is more difficult to activate
in poly-SiGe, especially when the Ge percentage rises above
% (less than 30% of available arsenic atoms are electrically
active for 50% Ge; this value is similar for phosphorus dopants)
[4], [5], [12]. There is also a striking difference in the de-acti-
vation of dopants during additional thermal steps (the post-gate
processing of the CMOS devices, for example, salicidation, in-
termetal dielectric deposition, etc.). Boron in poly-SiGe deacti-
vates much slower than in poly-Si, e.g. only 20% of boron deac-
tivates in poly-Si Ge after extra anneal of 60 min at 750 C
while the deactivation level increases to 70% in poly-Si. Arsenic
deactivation is similar in both materials [4]. These facts sug-
gest that poly-SiGe allows for good dopant activation in p-type
gates, while for higher Ge mole fractions n-type gate activation
becomes problematic.
It has been reported that the use of poly-SiGe does not re-
sult in any gate oxide quality degradation [13], [16]. In fact,
when furnace annealing is used for PMOS devices, the accu-
mulated charge to gate oxide breakdown is significantly
increased [13]. This is due to the smaller boron diffusion coeffi-
cient in poly-SiGe which reduces the number of charged states
in the gate oxide associated with boron penetration. The reduc-
tion of the gate material bandgap naturally results in an increase
in the Fowler–Nordheim tunneling current proportional to the
reduction in the SiGe bandgap. Yet, the gate-substrate biases
used in modern CMOS devices are much too low compared
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to the potential differences required for Fowler–Nordheim tun-
neling to add significantly to the gate leakage currents.
Fig. 1 summarizes the impact of the Ge mole fraction change
in the p-type poly-SiGe gate on the gate-semiconductor work-
function difference based on the data available from lit-
erature [2], [6], [7] and our own measurements. The change in
is usually measured from the flatband voltage dependence
on the gate oxide thickness, assuming that density of the inter-
face states stays constant [8]. One can see that there is signifi-
cant spread in the values which is most probably caused by the
manner in which the flatband voltage has been measured, or by
some ambiguity in the determination of the Ge mole fraction
at the interface after the whole processing sequence. It is also
known that depends on the poly grain-size [15]. That is
why, for accuracy, only poly-SiGe films with similar grain struc-
tures should be compared (the data are not available in all cited
references). The plot does provide, however, a general trend of
shift with change in Ge fraction. For example, PMOS ca-
pacitors with 30% Ge content show an eV shift in the
workfunction as compared to poly-Si. There is essentially no
change in for n-type poly-SiGe [2], [6].
We have outlined in this section the material properties of
poly-SiGe relating to its integration into a standard MOS pro-
cessing flow. It is expected that poly-SiGe can substitute poly-Si
as a CMOS gate material for Ge mole fractions not exceeding
0.5 (for both n- and p-type gates). For these lower Ge percent-
ages only minor variations to the processing flow are needed; the
electrical properties of n-type gates are not severely degraded,
while the p-type gates show improvement in electrical perfor-
mance and the change in is sufficient for gate workfunc-
tion engineering.
III. PMOS DEVICE DESIGN WITH POLY-SIGE GATES
A. Experimental Details
In order to measure the performance increase when the
channel profile is adapted to the use of poly-SiGe gates, we
have fabricated PMOS devices in the 0.18 m technology
with both poly-Si Ge and poly-Si gates. Channel profiles
were designed to have the same for both devices (Fig. 2,
traces marked “default Si” and “SiGe”). The poly-Si Ge
and poly-Si were deposited at 460 C and 625 C respectively.
The rest of the standard 0.18 m processing flow has been
reproduced featuring LOCOS isolation, 4 nm gate oxide,
BF implantations to form source/drain regions (LDD’s and
HDD’s) and to dope the gate. Rapid thermal anneals (RTA’s)
were used to anneal implantation damage and to diffuse and
activate the dopants [16].
As we have already mentioned, the activation of the
poly-SiGe p-type gates can be better than their poly-Si coun-
terparts. In order to have a valid comparison, not affected
by the values of the poly-gate depletion, the devices with
poly-Si Ge gates were subjected to somewhat lower
thermal budget to ensure the same gate activation level (as
confirmed by the capacitance–voltage (C–V) measurements
presented in Fig. 3). One can readily see in the quasistatic
C–V curves that there is noticeable difference in the flatband
voltages and substrate doping levels for devices with poly-Si
Fig. 1. Dependence of the p-type poly-SiGe gate to n-type semiconductor
workfunction difference,  , on the Ge mole fraction. The change in
 is measured by the extrapolation of the flatband voltage to t = 0 [8].
Dashed line is a guide to the eye only.
Fig. 2. Various PMOS channel doping profiles used in this study as measured
by SIMS (arsenic and phosphorus dopants). The “default Si” and “SiGe”
profiles are designed to result in the same V when used with poly-Si and
poly-Si Ge gates respectively. “SiGe SSR” was used to improve SCE
behavior of CMOS devices in Section IV.
Fig. 3. Quasistatic C–V measurements of capacitors with poly-Si and
poly-Si Ge gates. Thermal budget was reduced for poly-Si Ge to
obtain the same amount of gate depletion (determined as percentile change of
the capacitance in inversion as compared to that in accumulation).
and poly-Si Ge gates, while the threshold voltage and gate
depletion have the same values.
B. Experimental Results
The body-factor is significantly lower in the PMOS
devices with poly-Si Ge gates due to the lower channel
doping level. It is measured to decrease from 0.37 V for the
poly-Si device to 0.3 V for the device with poly-Si Ge
gate and “SiGe” profile, at gate length of 1.0 m [16].
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Fig. 4. Typical I -V (a) and I -V (b) characteristics of PMOS transistors withL = 0:18 m for poly-Si and poly-Si Ge gates. Transconductance
(G = @I =@V ) is also plotted in (a). Note that for both types of devices the V 's are the same (both determined by using current criterion (see text), 0.48
V, and from transconductance extrapolation [17], 0:52 V). Because of that, the gate overdrive (V   V ) in (b) is the same for both type of devices signifying
that I is improved intrinsically for poly-SiGe gated devices.
Fig. 4(a) and (b) shows typical transfer and output
current–voltage (I–V) characteristics for poly-Si and
poly-Si Ge gates for PMOS devices with “default”
and “SiGe” channel profiles, respectively. Effective channel
lengths, , determined by electrical extraction of the source
and drain junctions extension under the gate using the MOS
MODEL-9 method [17], are 0.18 m for both devices. It is
obvious that there is a significant increase in the drain current
for devices with poly-SiGe architecture when compared to
the poly-Si ones. At the same time, the long-channel satura-
tion threshold voltages (determined by current criterion 25
, where and are the effective width and length
of the channel) for both type of the devices are measured
to be the same ( V), suggesting that the current drive
improvement is caused by an intrinsic improvement in the
device performance. In fact, a 15–20% increase in is
measured for PMOSTs with poly-Si Ge for devices gate
lengths in the range 10 m to 0.15 m. The current increase
originates from the higher carrier channel mobility for reduced
channel doping. This is clearly illustrated in Fig. 4(a) where
channel transconductance is plotted for two drain biases.
is improved from 125 mS/mm for poly-Si device to
140 mS/mm for poly-Si Ge device, confirming intrinsic
channel mobility improvement. Another noticeable improve-
ment is in the subthreshold characteristics of the devices
with poly-Si Ge . This is reflected in Fig. 5, where the
subthreshold swing, , is plotted against . It is clear that
. This significantly improves the ratio,
since the decrease of by 6 mV/dec results in a threefold
decrease of the current for devices with 0.18 m channel
length.
To summarize, 0.18 m PMOS devices with poly-Si Ge
gates exhibit improved current drive and channel transconduc-
tance, reduced subthreshold swing, leakage currents and body
factor. These results show that significant improvements to deep
submicron PMOS transistors performance can be achieved by
substitution of the poly-Si gates with poly-SiGe ones.
Extensive numerical simulations were carried out in order to
estimate the performance improvements that can be achieved
for different Ge mole fractions. We have used two-dimensional
(2-D) process and device simulators TSUPREM-IV and MIN-
Fig. 5. Subthreshold swing improvement for poly-Si Ge gated PMOST’s
with “SiGe” channel profile.
Fig. 6. The results of the 2-D numerical process and device simulations for
PMOST’s with varying of the Ge content in the poly-SiGe gates for 0.18 m
and 0.13 m technologies. Dose and energy of SSR implant were optimized to
give the maximum I for constant I .
IMOS6 to find the optimum SSR channel profile for the highest
possible current drive for a given , Ge mole fractions in
0.18 m and 0.13 m PMOS devices, subjected to a full CMOS
processing sequence. In the simulations, the SSR dose and en-
ergy matrix were varied for a given value. The experi-
mental results described in this section were used to calibrate
simulations. A strong increase in the as compared to stan-
dard poly-Si gates is predicted for the same (Fig. 6), e.g.,
more than 30% increase for 50% Ge content in the gate for a
0.18 m generation. It is clear from the analysis that a signifi-
cant improvement of the PMOS performance can be achieved,
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without any degradation of the short-channel behavior of the de-
vices, by consistent engineering of both the gate workfunction
and channel profile. We will elaborate on this point in the next
section where the experimental results, obtained from CMOS
devices designed in such way, are presented.
IV. FULL CMOS WITH POLY-SIGE GATES
A. Experimental Details
In the previous section we have shown that the use of
poly-SiGe as a gate material can increase the PMOS per-
formance. However, implementing poly-SiGe gates in full
CMOS processing is attractive only if NMOS performance is
not sacrificed in any way. It is widely accepted that so-called
“double-flavored” poly-gated CMOS is advantageous over a
single n- or p-type gated CMOS, since, in the latter case, one
of the devices has to be of a “buried” type, with conducting
channel situated away from the silicon-oxide interface. The
drawbacks of buried channel devices, when used in deep sub-
micrometer gate-length range, have been described previously
(see, for example, [18]), and are largely the result of the weaker
gate control of the remote channel in these structures. In our
approach we only consider surface channel CMOS where
both n- and p-type gates are used for NMOS and PMOS,
respectively.
This puts some restrictions on the use of high Ge percentage
that can be used for the poly-SiGe gated devices. As already
mentioned in Section II, the activation as well as deactivation
during the back-end processing of the n-type impurities in
poly-SiGe gets worse with increase in the Ge mole fraction
starting from approximately 20%. Above 50% Ge, the impurity
activation is so low that the material becomes virtually unus-
able as an n-type conductor. Additionally, there are increasing
deviations from the standard Si MOS processing regarding
gate etching, post-etch oxidation [11] as soon as the Ge mole
fraction exceeds 0.5. On the other hand, at 20% Ge in the
poly-gate the n-type gate activation properties are at least as
good as those of poly-Si [19] and PMOS performance can
be significantly improved (see previous section). We have
therefore chosen to integrate poly-Si Ge gates into a full
0.18 m CMOS process.
A full integration of “double-flavored” poly-SiGe gates into
the CMOS flow requires self-aligned silicide (salicide) forma-
tion to reduce the gate and source/drain parasitic resistances
and to ensure a good ohmic contact between the n- and p-type
gate electrodes. Ti is used routinely for this purpose to form
a low-resistivity TiSi compound which is created upon an-
nealing of a thin Ti layer deposited on top of Si. The reac-
tion of Ti with poly-SiGe drastically differs from that of Ti
with poly-Si [20]. To achieve a formation of the low-ohmic
Ti(Si,Ge) compound the temperatures of the two-step anneal
have to be brought down. This creates a problem of high re-
sistance for the Si source/drain regions since the TiSi formed
at this reduced temperature is not in its low-resistance phase.
TiGe is much less stable than TiSi and readily precipitates Ge
atoms which cluster together and break up the low-resistivity
layer. Self-alignment of the “salicidation” is also problematic:
Fig. 7. SIMS profiles of Ge diffusion from the bottom poly-SiGe (50 nm, 32%
Ge as deposited) layer into the top poly-Si (90 nm) layer during processing.
A logarithmic scale is used for the vertical axis to observe the increase in the
“up-diffusion” of Ge.
Fig. 8. Ge depletion in the bottom layer of the stacked gates (28% Ge as
deposited) with the increase in thermal budget. Ge mole fraction is measured
at the interface using combined SIMS and Rutherford back-scattering
measurements. One unit of thermal budget corresponds to a 30 s anneal at 950
C.
the etching solution which is meant to remove only non-reacted
Ti, also removes the Ti(Si,Ge) phase. It seems therefore that it
is extremely difficult to have good silicide-(germanide) both on
the source/drain and the gate regions simultaneously.
To avoid these problems we have used a “stacked-gate” struc-
ture consisting of two layers: beneath, a poly-SiGe layer to con-
trol the of the device, and the top poly-Si layer as a buffer
for gate silicidation [21]. In this case the SiGe layer is covered
by poly-Si from the top and by oxide spacers from the sides and
does not react with Ti at all. The standard salicidation scheme
can now be used.
However, the use of buffer poly-Si layer creates another issue
which is illustrated in Fig. 7. During the post-gate processing,
Ge atoms from the bottom layer diffuse into the top poly-Si
thus reducing the Ge content in the bottom layer. The final Ge
mole fraction determines and must be of known value.
Once measured for a given thermal budget (see Fig. 8), it can
be used in the controlled consequent device designs [21]. This
Ge up-diffusion into the top layer (amounting to % in the
top layer after full processing for the starting 32% in the bottom
layer) does not influence the salicidation process. The sheet re-
sistances after salicidation of the gate and source/drain are mea-
sured to be 15.4 / (6.6 / ) and 14.6 / (4.5 / ) for
NMOS (PMOS) transistors respectively (as measured on 0.3
m-wide structures)—equal to those with the standard poly-Si
gates.
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Apart from the gate formation, all other processing steps of
the full 0.18 m CMOS flow have been reproduced. This fea-
tures a 4.5 nm-thick gate oxide (determined from C–V mea-
surements), e-beam gate lithography, HDD source/drain low-
energy implantations, Ti salicidation, etch-back planarization
and a single metal level. The SSR channel profile [1] used here
was based on the results of numerical simulations and achieved
by As ion implantation before the gate oxide growth. The doses
and energies were calculated in the optimization loop as de-
scribed at the end of previous section, and for 20% Ge content
were cm and 200 keV, respectively. The resulting
channel profile is shown as “SiGe SSR” trace in Fig. 2.
B. Electrical Results CMOS with Poly-SiGe Gates
We present here the results obtained with poly-Si/Si Ge
gates, where the Ge mole fraction was measured by the Ruther-
ford back-scattering (RBS) measurements after full processing.
Because of the superior diffusion and electrical activation of the
dopants in p-type poly-SiGe compared to poly-Si, the resulting
gate activation is excellent: these gates have less than 10% gate
depletion after full processing.
Typical I–V curves of the transistors with poly-Si/Si Ge
gates with m are presented in Figs. 9 and 10.
In the sub- region excellent voltage swing values of 80
mV/dec (PMOST) and 78 mV/dec (NMOST) are obtained
ensuring a low level of “off”-state leakage currents (50 pA/ m
and 5 pA/ m respectively). The maximum saturation currents
for these devices are 240 A/ m (PMOST) and 455 A/ m
(NMOST). High values (0.42 V) and limited source and
drain diffusion under the gates ( nm for NMOST and
30 nm for PMOSTs, MOS MODEL-9 determined [17]) are
responsible for somewhat lower values of for the NMOST.
At the same time, NMOST ratios are comparable
to the best values reported so far for this generation [22], as
demonstrated in Figs. 11 and 12.
It is clear that a careful channel profile engineering (SSR well
profile, localized pocket implants around source/drain) ensures
that the short-channel effects, represented by the roll-off be-
havior and the extent of the drain bias influence on the , are
well-controlled down to m (Fig. 13).
In Fig. 11 the current drive of the NMOST is plotted
for standard (poly-Si gates) and new (poly-Si/Si Ge gates)
technologies showing almost the same behavior. A slight im-
provement of the current drivability is caused by better n-type
gate activation for 20% Ge content [19] while, at the same time,
there is a noticeable ( %) improvement in PMOST perfor-
mance (Fig. 12). Our PMOS devices also compare favorably to
those reported in [22].
We have already addressed the possible influence of
poly-SiGe on the gate oxide quality in Section II. In Fig. 14 we
present measurements of hot-carrier degradation of transistors
with poly-Si/Si Ge gates. Here, a maximum substrate
current condition was used for NMOS and
for PMOS transistors, both being the worst stress conditions
for the respective devices. For a supply voltage of 1.8 V, the
device lifetimes are well beyond the ten-year limit that is
conventionally used to characterize the long-term reliability of
the process.
Fig. 9. Typical I–V characteristics of NMOS and PMOS transistors withL =
0:18 m with poly-Si/Si Ge gates.
Fig. 10. Typical subthreshold characteristics of NMOS and PMOS transistors
with poly-Si/Si Ge gates. L = 0:18 m.
Fig. 11. Current drive against leakage current for NMOS devices with
poly-Si/Si Ge gates compared to the standard poly-Si gated transistors
values. The CMOS processing with poly-Si/SiGe gates shows as good
I =I ratios for NMOST’s as in the standard technology.
Fig. 12. Current drive against leakage currents for PMOS devices is
significantly improved for devices with poly-Si/Si Ge and poly-Si Ge
gates.
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Fig. 13. (a) Saturation V (V =  1:8 V) and (b) drain-induced barrier
lowering (DIBL) for NMOS and PMOS transistors with poly-Si/Si Ge
gates.
We have presented here the results of the first successful
integration of poly-SiGe gates into a full 0.18 m CMOS
process. Complete integration is achieved by using low Ge
percentages ( %). Both n- and p-type high-performance de-
vices are demonstrated for poly-Si/Si Ge gates. Significant
improvements are observed for PMOS devices obtained by the
controlled coupling of the change in the gate workfunction and
the channel doping profile engineering.
V. DISCUSSION
In presenting the experimental data, we have deliberately re-
stricted ourselves to small Ge fraction poly-SiGe gates, mainly
because of their relative ease of integration into standard CMOS
processes. Let us briefly analyze the influence of the introduc-
tion of high Ge percentage gates on the device architecture.
As predicted (see Fig. 6), the poly-SiGe gate engineering cou-
pled to the “SSR profiling” scenario works very well for PMOS
transistors in the 0.18 m generation, for Ge fractions up to
%. Current increase originates from an effective reduction
of the channel doping. Above 50% Ge, the further reduction
in the channel doping level results in a strong increase of the
short-channel effects which cannot be contained any longer by
As implanted SSR. This is also the reason why, for 0.13 m
PMOS devices, the increase in Ge fraction is not accompanied
by such a dramatic increase in , as seen in the 0.18 m
devices. This simple example shows that an extensive PMOS
channel redesign might be required to benefit from the use of
poly-SiGe with high Ge mole fractions beyond the 0.18 m
CMOS generations.
Another issue, which must be addressed to seriously consider
using the poly-SiGe gates in production, is the limitation of the
Ge mole fractions to below 0.45 in order to ensure sufficient
n-type gate activation. It is highly unlikely that the single p-type
gate CMOS is going to be used in production: NMOS devices
are generally a technology driver because of the larger electron
mobility and sacrificing NMOS performance cannot be toler-
ated. In order to achieve high performance for both device types,
it is therefore most conceivable that n-type poly-Si and p-type
poly-SiGe gates would be used for NMOS and PMOS devices
respectively. Yet, even the low Ge mole fraction poly-SiGe gates
are already an attractive choice for future CMOS technology,
since they do not require significant changes to the standard
Fig. 14. Lifetime of the MOS transistors with gate oxide stressed under
the worst scenarios. The lifetime is estimated from hot carrier degradation
measurements where failure is detected when the transconductance changes by
10% under continuous stress. The manufactured devices can be safely operated
for ten years at V higher than 1.8 V (up to 2.3 V for NMOST and 2.7 V for
PMOST).
poly-Si processing and can deliver improvement to device per-
formance.
VI. CONCLUSION
We have shown that low Ge fraction poly-SiGe can be suc-
cessfully used in a modern CMOS technological flow. Changing
from poly-Si to poly-Si/Si Ge gates in 0.18 m PMOS tran-
sistors yields a 20% increase in current drive and a significant
improvement of the subthreshold swing, ratio and
body factor. We have shown that inclusion of this gate ma-
terial into the standard CMOS flow delivers a significant im-
provement to the PMOS device performance, without degrading
NMOS devices performance. From analysis of the device pa-
rameters and technological issues of integration, we conclude
that only Ge mole fractions below % present significant po-
tential as a gate material into a sub-0.18 m CMOS technolo-
gies.
ACKNOWLEDGMENT
The authors are grateful to M. C. Martens and H. E. M. van
Sambeeck for poly-SiGe deposition, W. de Laat for etching
experiments, J. G. M. van Berkum for SIMS measurements,
L. Huijten for hot-carrier measurements, D. J. Gravesteijn,
J. Holleman and A. Y. Kovalgin for fruitful discussions, and
FABWAG for processing.
REFERENCES
[1] D. A. Antoniadis and J. E. Chang, “Physics and technology of ultra short
channel MOSFET devices,” in IEDM Tech. Dig., Dec. 1991, p. 21.
[2] T.-J. King, J. R. Pfiester, J. D. Shott, J. P. McVittie, and K. C. Saraswat,
“A polycrystalline-Si Ge -gate technology,” in IEDM Tech. Dig.,
Dec. 1990, p. 253.
[3] V. Z.-Q. Li, M. R. Mirabedini, R. T. Kuehn, J. J. Wortman, and M. C.
Özturk, “Single gate 0.15 m CMOS devices fabricated using RTCVD
in-situ boron doped Si Ge gates,” in IEDM Tech. Dig., Dec. 1997,
p. 833.
[4] C. Salm et al., “Diffusion and electrical properties of boron and arsenic
doped poly-Si and poly-Ge Si (x similar to 0.3) as gate material for
sub-0.25 m complementary metal oxide semiconductor applications,”
J. Electrochem. Soc., vol. 144, pp. 3665–3673, 1997.
PONOMAREV et al.: HIGH-PERFORMANCE DEEP SUBMICRON CMOS TECHNOLOGIES 855
[5] T.-J. King, J. P. McVittie, K. C. Saraswat, and J. R. Pfiester, “Electrical
properties of heavily doped polycrystalline silicon-germanium films,”
IEEE Trans. Electron Devices, vol. 41, pp. 228–232, Feb. 1994.
[6] P.-E. Hellberg, S. L. Zhang, and C. S. Petersson, “Work function of
boron-doped polycrystalline Si Ge films,” IEEE Electron Device
Lett., vol. 18, pp. 456–458, Sept. 1997.
[7] P. Bouillon et al., “Experiments with 0.18-m SiGe channel
PMOSFET's and P+ poly-SiGe gate,” in Proc. ESSDERC, Sept. 1996,
p. 473.
[8] S. M. Sze, Physics of Semiconductor Devices. New York: Wiley, 1981.
[9] A. J. Walker and P. H. Woerlee, “Mobility model for silicon inversion
layers,” in Proc. ESSDERC, Sept. 1987, p. 667.
[10] Y. T. Tsividis, The Operation and Modeling of the MOS Tran-
sistor. New York, NY: McGraw-Hill, Inc., 1987.
[11] S. Vallon et al., “Polysilicon-germanium gate patterning studies in a
high density plasma helicon source,” J. Vac. Sci. Technol. A, vol. 15,
pp. 1874–1880, July/Aug. 1997.
[12] D. S. Bang, M. Cao, A. Wang, and K. C. Saraswat, “Resistivity of boron
and phosphorus doped polycrystalline Si Ge films,” Appl. Phys.
Lett., vol. 66, Jan. 1995.
[13] C. Salm et al., “Gate current and oxide reliability in p+ poly MOS ca-
pacitors with poly-Si and poly-Ge Si gate material,” IEEE Elec-
tron. Device Lett., vol. 19, pp. 213–215, July 1998.
[14] H. P. Tuinhout, A. H. Montree, J. Schmitz, and P. A. Stolk, “Effects of
gate depletion and boron penetration on matching of deep submicron
CMOS transistors,” in IEDM Tech. Dig., Dec. 1997, p. 631.
[15] N. Lifshitz, “Dependence of the work-function difference between the
polysilicon gate and silicon substrate on the doping level in polysilicon,”
IEEE Trans. Electron Devices, vol. ED-32, pp. 617–621, 1985.
[16] Y. V. Ponomarev et al., “High-performance deep submicron MOSTs
with polycrystalline-SiGe gates,” in Proc. Symp. VLSI Technology, Sys-
tems and Applications, June 1997, pp. 311–315.
[17] R. M. D. A. Velghe, D. B. M. Klaassen, and F. M. Klaassen, “Com-
pact MOS modeling for analog circuit simulations,” in IEDM Tech. Dig.,
Dec. 1993, p. 485.
[18] G. J. Hu and R. H. Bruce, “Design tradeoffs between surface and
buried-channel FET's,” IEEE Trans. Electron Devices, vol. ED-32, pp.
584–588, 1985.
[19] W.-C. Lee, Y.-C. King, T.-J. King, and C. Hu, “Investigations of
poly-Si Ge for dual-gate CMOS technology,” IEEE Electron
Device Lett., vol. 19, pp. 247–249, July 1998.
[20] Z. Wang et al., “Silicide formation and stability of Ti/SiGe and
Co/SiGe,” Thin Solid Films, vol. 270, pp. 555–560, 1995.
[21] Y. V. Ponomarev et al., “Gate-workfunction engineering using
poly-SiGe for high-performance 0.18 m CMOS technology,” in IEDM
Tech. Dig., Dec. 1997, p. 829.
[22] M. Rodder, S. Aur, and I.-C. Chen, “A scaled 1.8 V, 0.18 m gate
length CMOS technology: Device design and reliability considerations,”
in IEDM Tech. Dig., Dec. 1995, p. 415.
Youri V. Ponomarev was born in Smolensk, Russia,
in 1969. He received the B.Sc. degree in physics
from the Moscow Institute of Physics and Tech-
nology (FizTech), Russia, in 1992, and the Ph.D.
degree in quantum physics from Exeter University,
U.K., in 1995.
Since graduation, he has been with Philips
Research, Eindhoven, The Netherlands, working on
advanced bipolar and CMOS device technologies.
His current research interests involve exploration
of nanometer-size Si devices. He has authored
and co-authored more than 20 papers in scientific journals and conference
proceedings, and has two patents pending in the field of Si technology.
Peter Stolk was born in Amsterdam, The Nether-
lands on May 21, 1967. He received the Ph.D.
degree in experimental physics from the University
of Utrecht, The Netherlands, in 1993. His Ph.D.
research focused on the structural properties and
annealing kinetics of amorphous silicon.
From 1993 to 1995, he did post-doctoral work
at Bell Laboratories, Murray Hill, NJ, studying
transient enhanced dopant diffusion and impurity
gettering in ion-implanted silicon. Since 1995,
he has been with Philips Research Laboratories,
Eindhoven, The Netherlands, working on advanced CMOS technology.
Cora Salm (M'99) was born in Apeldoorn, The
Netherlands, in 1969. She received the M.Sc.
degree in applied physics and the Ph.D. degree
in electrical engineering from the University of
Twente, Enschede, The Netherlands, in 1993 and
1997 respectively. Her Ph.D. dissertation dealt
with the materials and electrical properties of
polycrystalline germanium-silicon for advances
CMOS technologies.
As a part of her Ph.D. research, she worked at
Philips Research Laboratories, Eindhoven, The
Netherlands, in 1995. In 1998, she joined the IC-technology, Devices and
Reliability group of the MESA+ Research Institute of the University of Twente
as an Assistant Professor. Her present research activities include the reliability
of thin dielectrics, plasma charging and device physics. She also lectures on
the topics of advanced semiconductor devices and reliability of semiconductor
components.
Jurriaan Schmitz received the M.S. degree in exper-
imental physics in 1990 from the University of Ams-
terdam, The Netherlands, and the Ph.D. degree from
the same institution in 1994 with a study of novel par-
ticle detectors for high energy physics applications.
Since then, he has been a Research Scientist at
Philips Research, Eindhoven, The Netherlands. His
research first covered the downscaling of MOS
transistors in the 0.25–0.1 m range, focusing on
shallow junction fabrication and gate formation
technology. Recently, he has switched to the subjects
of gate dielectric reliability and hot carrier degradation.
Dr. Schmitz was CMOS Devices committee chair of the 1999 IEEE IEDM in
1999.
Pierre Woerlee received the Ph.D. degree in physics
from the University of Amsterdam, The Netherlands,
in 1979.
In 1980, he joined the Philips Research Laborato-
ries, Eindhoven, The Netherlands, where he worked
on electrical transport in mesoscopic devices. In
1985, he joined the MOS process integration group,
where he worked on device physics, modeling, MOS
front-end process integration and RF CMOS. Since
1992, he is a part-time Professor at the University of
Twente, where he is teaching IC technology.
Dr. Woerlee received the 1996 Paul Rappaport Award. He was the general
chair of the 1998 IEEE IEDM.
